I. INTRODUCTION
Determinations of sodium and potassium in blood serum and other fluids and tissues of the body are becoming more and more important in clinical investigation. Their value has been proved, for example, in studies of diabetic coma, uraemic coma, different kinds of shock, adrenal insufficiency and other complex endocrinological dis'orders.
However, the available chemical determinations, especially in the case of potassium, are lengthy, fairly complicated, and not altogether trustworthy. Therefore clinical investigation would greatly benefit by a simpler, more rapid and more accurate determination, requiring only a small quantity of matelial.
In this regard a spectrochemical method, in which the emission spectrum of the atoms at high temperature is measured, would seem to be the most suitable. Flame photometry is such a method. Into a flame possessing the high temperature required (obtained by burning suitable gas mixtures) the solution containing sodium or potassium ions is introduced by means of a spray. The solvent is evaporated, the molecules dissociate and the atoms are excited to spectral emission. The intensity of the spectral lines emitted is measured with the aid of a photo-sensitive element after suitable selection by means of a spectrograph, a monochromator, a filter or combination of filters.
When properly carried out, this method meets all the requirements mentioned above. However, it is often difficult to obtain reproducible results as many empirical factors are involved in such a determination. Therefore the chief aim of this investigation is a further study of the flame-photometric determination of sodium and potassium and of the factors involved.
II. APPARATUS
In the Netherlands, flame spectrography for analytical purposes has been developed Re/erences p. 5~3. VOL. 6 (Z95X) FLAME-PHOTOMETRIC DETERMXNATION OF Na AND K 5o9 by SCHUFFELEN1; flame photometry has been practised, among others, by DOMINGO I, BOON a and WILLEBRANDS 4, in the latter case applied to blood serum. Gas mixtures employed were: butane-air, coal gas-air, acetylene-air. The intensity of the emitted light has been measured with the aid of photographic plates, photo-cells and phototubes, in the latter case sometimes combined with electronic amplification. In photo-electric methods filters were used to separate the lines. We chose an air-acetylene flame. The compressed air was simultaneously used to atomize the solution to be analyzed and to bring the haze into the flame. After separation by filters, the intensities of the yellow Na line (589o-96 A) and the red K line (7665-99 A) were measured by means of a vacuum phototube. By interrupting the light of the flame the photo-electric current could be amplified by an a.c. amplifier and measured by an a.c. galvanometer s' 9
I. The Flame
The flame has several advantages over the arc or the spark as an emission medium. Its emission is very constant and its spectrum relatively simple. However, as its temperature is relatively low, it can only be applied to elements with spectral lines of low excitation potentials (I to 3-4 eV).
WAIBEL 5 found air-acetylene to be the most favourable of several gas mixtures tested as regards the intensity quotient of spectral lines and background (mainly band spectra).
Our burner resembles that used by HEnZP~AN 6 and VENDRXK v when investigating alkali vapours in the acetylene flame. It has a cylindrical form and contains chambers from which the gases, after thorough mixing, flow out fairly rapidly through a number of small canals in the centre of the upper plate. Just above these canals the gas mixture is ignited. The lower plat¢ is pressed against the wall of the box with springs to serve as a safety valve in case of explosion inside the burner. It is constructed of brass and needs no cooling. (I95I) the ends of a capillary tube through which the gas current is conducted. For the air supply the manometer is filled with mercury, for the acetylene supply water is used. This current-manometer has the advantage over ordinary manometers that it is independent of possible changes in resistance which the gas current may meet within atomizer or burner.
The gas supplies are regulated by adjusting the valves attached to the cylinders. Thus adequate constancy is attained.
The Spra~y
The spray ( Fig. x) used was constructed as indicated by Boon s. It has the advantage that the solutions to be analyzed can be easily and rapidly changed. However, it is not very practicable for small samples, as only part of the aspirated solution is brought into the flame, while the rest remains on the bottom of the spray chamber. The quantity of liquid atomized per minute not only depends upon the air pressure, the diameter and the relative orientation of the capillary openings, but also on the viscosity and the surface tension of the aspirated solution.
Re/erences p. 5~3. It is desirable to draw out the inlet of the aspirator tube into a narrow capillary to prevent blocking by solid particles which are inevitably present in the liquid and to prevent large drops, which would contaminate the next solution, from remaining at the entrance. The difference in height between the surface of the solution in its container and the exit of the aspirator tube should not be too large; the hydrostatic counter pressure may critically influence the speed of aspiration. The optics consist of one lens of large aperture of unit magnification, focussing a well-defined part of the flame on the photosensitive layer of the photo tube.
The Na line (5890-96 A) and the K line (7565-99 A) are selected by a combination of glass filters. These are mounted as a carrier and can easily be moved to a fixed position in front of the opening of the box containing the phototube.
Filters were preferred to a monochromator because they transmit more fight and are much cheaper. The disadvantage of their lower selectivity, which is especially apparent in the determination of K can be met satisfactorily, as will be discussed in V, 2. The background emission necessitates a correction in the determination of K in serum as the K content of serum is fairly low.
To simplify the amplification in routine determinations in serum, the stronger Na line was weakened with a blue glass plate until the galvanometer deflection was about the same as for the weaker K line.
A Cs--Cs20 vacuum phototube was used, which is sensitive in the yellow and red regions of the spectrum. The photocurrent is amplified by an a.c. amplifier, as described by'MILATZ s,0. The synchronously rotating disc, which generates the intermittent light required, is placed just before the flame, so that only the fight of the flame is modulated and amplified, excluding the scattered light from the room.
The amplified a.c. output is measured by an a.c. galvanometer, the magnetic field of which is generated by an electro-magnet fed by an a.c. current of the same phase and frequency as the current to be measured. Thus complete insensitivity to stray fight of different frequency is attained. It is also possible to adjust the a.c. galvanometer so that its sensitivity becomes independent of small variations of strength of the a.c. magnetic field no. Its zero point is independent of variations in the voltage supply. The a.c. galvanometer is coupled to the last tube of the a.c. amplifier by means of a condenser.
The apparatus described above has the advantage that, except for the burner, it VOL. 6 (1951) may be constructed from existing standard accessories, which are commercially available. The design and the prototype of the burner are kept in the Physical Laboratory of the University at Utrecht. 
III. PREPARATION OF MATERIALS BEFORE TESTING
The serum to be investigated is diluted ten times with a 5 % solution of trichloroacetic acid. The proteins, which are quantitatively precipitated, are removed by filtration and the clear filtrate can be used in the flame photometer. The relation between galvanometer deflection and alkali content is found by spraying a series of standard solutions containing KC1 (o.38-I.15 retool, per liter) and NaC1 (8.7-16.5 retool, per liter) in 5 % trichloroacetic acid. These solutions are kept in pyrex flasks. Serum may also be preserved for several days if kept in the cold in pyrex or other hard glass containers. This glass must be used in all chemical manipulations. Before starting measurements standard and test solutions should have the same temperature (see VI, a). DISCUSSION 0 a. Owing to its high viscosity the serum cannot be well atomizer without dilution. Dilution with distilled water gives partial precipitation, mainly of 7 and ~ globulins, which may cause obstruction of the aspirator tube. The degree of dilution with distilled water also proved to influence the product of speed and yield of atomization. (The speed of atomization is defined as ml solution aspirated per minute; the yield is defined as the percentage of the aspirated solution leaving the spray as a haze).
Furthermore, K and Na are partly absorbed by the proteins. Determinations, carried out on normal sera after dilution with distilled water, appeared to be too low (Na:--zo% ;K:--3o%). Given quantities of Na and K, added to sera of known composition, were also recovered with the same percentage loss. The absorption could be demonstrated by investigating the proteins, separated by ultra-filtration of the serum, after suitable treatment. They appeared to carry about ten percent of the total alkali content of the serum.
All these difficulties are evaded by deproteinization as described. As speed and yield of the atomization are influenced by the acid (Table IV) , the same amount was added to the standard solutions.
b. The influence on the atomization of several organic solvents, added to the solution to be analyzed, was also investigated. To determine the relative galvanometer deflection, 2 mg K per zoo ml were also added, as KC1. Table IV lists the solvents with which an increased yield was obtained. Allowing for the non-essential differences in speed, we see that an increase in yield is correlated with an increase in deflection. Several explanations arise for the nonlinearity of this relation. Firstly, the proportion of the drops, generated by the atomization, which actually reach the flame, may vary. Secondly, and more important in our opinion, is the mean diameter of the drops formed. Drops which are too large to be evaporated in time do not contribute to the emission. Thirdly, in some of the cases listed in Table IV a small increase of background emission was observed. Fourthly, as will be shown in V, I, the emission of K is not necessarily directly proportional to the number of K atoms in the flame.
Qualitative relations were observed to exist between the yield and the surface tension of the solution. The surface tension partly determines the average diameter of the drops formed, thus influencing the yield. However, other factors must also determine the yield, for contrary to expectation the yield decreases with increasing temperature, when the surface tension decreases (II, 2). The dependence of the speed of atomization on temperature is largely due to the viscosity (II, 2).
The yield can be considerably increased by diminishing the speed of atomization. We have, however, worked under conditions in which the value of the product of speed and yield was optimal.
For routine determinations none of the organic solvents mentioned were used as yet besides trichloroacetic acid 5 %, as it was feared that complications might arise in practice owing to their volatility and to the restricted solubility of NaC1 and KC1 in some solvents.
c. The tenfold dilution of blood serum as chosen for routine analysis is optimal with Relerences p. 523. respect to: the speed of atomization, the time required for a simultaneous determination of Na and K, and the proportion between the weak K line and the fairly strong background emission in the region transmitted by the filters. With this dilution 0.5 ml of serum suffices for a combined determination of K and Na.
d. The standard solutions contain both Na and K in appropriate concentrations, as the Na content of the solution also proved to have an influence on the galvanometer deflection in the determination of K.
The influence of calcium in the serum on the determination of K and Na is negligible (less than 1%).
e. The addition of trichloroacetic acid to both standard solutions and serum provides an excess of chlorine in the flame, thus eliminating disturbing differences between serum and standards due to other serum chlorides. A calculation of the dissociation equilibrium of NaC1 and KC1 at 24o0 ° K, based on the amounts of alkali and chlorine estimated to be present in the flame under the experimental circumstances, suggested that this excess of chlorine would repress considerably the dissociation of the alkali chlorides and consequently the emission of the alkalis. Though solutions with constant concentrations of KC1 and NaC1 and increasing amounts of trichloroacetic acid did give smaller deflections, this appeared to be largely due to a lower product of yield and speed of atomization. We estimate that in the flame probably no more than lO% of the alkali will be present as the chloride, which is much less than calculated. We presume that the chlorine in the flame combines with hydrogen--which is produced in large quantities by the products of combustion of acetylene and water--to form HCI. The dissociation potential of HCI (4.43 eV) is almost equal to that of KC1 (4.40 eV; see ref. 7, P. 75). The hydrogen content of the flame was not determined.
f. In case of jaundice, the content of bile acids in the serum may be elevated, causing a decrease in surface tension. However, the highest known pathological amount, added toga serum, gave no significant deviation. g. Addition of 5% trichloroacetic acid has no perceptible influence on the background emission.
h. Under the conditions described, mean values found for Na and K, determined over a period of 6 months in sera of 4 ° normal subjects, were 333 mg/Ioo ml and 20.7 mg/ ioo ml respectively. This agrees satisfactorily with the values given to date.
Recoveries of known amounts of K (I.O mg]Ioo ml) and Na (8.0 mg/ioo ml) added to sera of known composition, were: 97% and 96% respectively.
IV. THE PROCEDURE IN ROUTINE ANALYSIS

P,,,mations
After igniting the flame 5 to xo minutes are required before a stationary state is attained and the galvanometer deflection acquires a constant value, when one solution is continually being atomized. Then distilled water is atomized and the blank is determined, corresponding with the background emission, for both the filter combinations.
Readings
First the deflections given by a number of standard solutions are measured. The occurence of possible systematical errors due to slight variations in atomization, flame emission, or sensitivity of the apparatus (see VI, c) is checked by measuring the de-voL. 6 (z95z) FLAME-PHOTOMETRIC DETERMINATION OF Na AND K 5z5 flections for Na and K of one chief standard solution after each two readings. The composition of this solution closely resembles that of blood serum as regards the alkali content. All other deflections are expressed as percentages of the average deflections obtained with this chief standard solu-2s0 tion. In all, five standard solutions are sufficient. They cover the whole range of possible variations in serum.
Then the solutions under investiga-2oc tion are measured; after each two sera the chief standard solution is read again. Deflections are always read I5 seconds after atomization is started, because at t sc first the deflections decrease systematically. A reading takes about IO seconds, sufficient for obtaining a mean value with reasonable exclusion of ac-1oc cidental variations. During this time about 4 ml of diluted serum are consumed (o.4 ml blood serum).
Finally, the series of standard solu-sc tions is measured once more, to check the reproducibility. If everything is done correctly, systematical differences will not be observed.
Calculations
The background deflection is substracted from the other deflections. Then each deflection is expressed as a percentage of the average deflection of the chief standard ~2o ..... Relative galvanometer deflections obtained with Na filters, corrected for background emission, plotted against the Na content of the solutions, with the K content as parameter by linear interpolation proved to be permissible. The form of the curves will be discussed in V, I. When the K content is not too large, the influence of K on the deflection given by Na is negligible. Therefore the Na content of the sera must be read first and then the K content, using the curve for K with the corresponding parameter for Na. 
I. The ]orm o] the curves
The standard graph for Na is curved. As the detection by the phototube and the amplification are linear, this curvature must be due to partial absorption of the Na emission by unexcited Na atoms. With increasing Na content of the flame this selfabsorption augments. Characteristic of this so-called self-absorption is the observed proportionality of the emission to the square root of the Na content. Earlier calculations ~ of the alkali content in a flame with 5% self-absorption give values far below our estimation of the Na content of the flame, so in our case the self-absorption must be considerable.
With low concentrations of K as in our ease, stir-absorption of K will be slight and its influence will be surpassed by the effect of ionization, which is of considerable importance at this high temperature and low concentration of K. With increasing concentrations of K the degree of ionization will diminish; so there will be relatively more K atoms, causing an additional increase of the intensity of the atomic spectral line. This is indeed observed when solutions containing K, but no Na, are atomized (Fig. 4 ). The addition of Na straightens the curves, as will be explained below (Fig. 2) . It is evident that the observed linearity of the standard graph for K in the presence of Na is rather fortuitous.
Owing to the excess of chlorine in the flame, the (relatively small) amount of alkali salts in the diluted serum does not influence the degree of dissociation of the alkali chlorides. Therefore, the percentage of the alkalis which are associated, and thus cannot contribute to the emission of the atomic spectral line, is independent of the alkali content of the solution. So we may expect that association will have no influence on the form of the standard curves. 
Mutual influence
There are two possible causes for the influence of one alkali on the deflection measured for the other. Firstly, owing to insufficient selectivity of the filters, a Na line Fig. 4 . Diagratn for potassium. Relative galvanometer deflections obtained with K filters, corrected for background and "filter leakage", plotted against the K content of the solutions, with the Na content as parameter may not be completely absorbed by the filter used for K ("filter leakage"). Secondly, a large relative excess of Na atoms appears to have a direct influence on the emission of K, which cannot be corrected by a more selective spectral apparatus (e.g. a monochromator or interference-filters).
The filter leakage can easily be demonstrated by measuring the deflection of a solution of NaC1 with the K filter. For the average composition of diluted serum (2 rng K and 32 nag Na per IOO ml) the leakage augments the deflection of K by about 8 %. This leakage is not due to the yellow D line, as it is directly proportional to the Na content and it is hardly diminished by the addition of a red filter which completely absorbs the D line. Therefore the red Na doublet (8183-95 A) was thought to cause the leakage. This was confirmed by making a spectrogram. This red Na doublet is difficult to separate from the red K doublet, but this hardly matters, for at the given composition of the serum the second, direct influence of Na on K is the most important.
As indicated recently by SMIT 14, HULDT xs and VENDRIK ~, the enhancement of the emission of K by an excess of Na is largely due to the repression of the ionization of K by electrons, produced in the flame by ionization of Na atoms. Thus the number of K atoms and consequently the atomic emission, is increased. Should this be true in our case, then a large proportion of the K atoms must be ionized and there must be sufficient Na atoms to produce the required electrons.
Specified calculations, based on the ionization constant (derived from the equation of SAHAT), showed that at the given temperature and estimated content of K in the flame, the greater part of the K atoms are ionized. This is roughly confirmed by the curvature of the graph found for solutions containing only K (Fig. 4) .
Further calculations indicated that in our case the excess of Na is sufficiently large to repress the ionization of the K. (The ionization of the Na is fairly small and owing to the strong self-absorption in our experimental range the form of the curve for Na offers no consistent conclusions regarding the degree of ionization).
We can thus explain three phenomena regarding the influence of Naon the emission of K:
I. The emission of K is enhanced (Fig. 4) ; when the ionization of K is repressed towards zero by increasing amounts of Na this influence reaches its limit asymptotically.
2. Owing to ionization the graph for K is curved, addition of Na straightens the curve because it reduces the ionization.
3. The influence of Na becomes relatively smaller at higher amounts of K, for then K is less ionized (Fig. 4) . This happens, for example, at higher speeds of atomization, which increase the alkali content of the flame.
To enable more detailed calculations two assumptions were made: I) an equilibrium of ionization exists in the flame, and 2) when no solution is sprayed the flame contains only a few free electrons. We now plotted the calculated increase of the emission of K against the ratio of K and Na content, choosing the K content of the flame as a parameter. In the range of concentrations under consideration a slight change in this parameter already causes a notable change in the position of the curve. In this manner a number of curves are obtained, one for each amount of K. Now the K content of the flame may be estimated by comparing the calculated curves with the experimental data. The latter coincided with a curve possessing a K parameter which proved to be one fourth of the K content as estimated from the properties of the flame, the atomization and the content of the solutions. This result is fairly satisfactory.
The disturbance of K by Na might be expected to disappear upon adding an element with a high degree of ionization, e.g. caesium, or by using a flame of lowertem perature, in accordance with measurements performed by RIEHM ls.
Further calculation showed that in our case the interference by K with the emission of Na is much less important, as also appears from the standard curves for Na.
Ionization also offers a quantitative explanation of both graphs given by DOMINGO 2 regarding the mutual influence of Na and K, assuming the temperature of the flame to be 24o0 ° K.
VI. THE ACCURACY OF THE DETERMINATION
In general the accuracy of a determination is limited by the extent of the systematical errors on one hand and the magnitude of the accidental errors on the other hand. The extent of systematical errors is very difficult to estimate a priori. However, the fact that our values found for Na and K in normal blood serum agree well with the values generally assumed to be correct and that recoveries of added amounts were good, shows that in our case they do not play an important role. Accidental errors can be estimated beforehand by an accurate analysis of the various stages of the method.
The following accidental errors may arise: a. Difference of temperature between standard and unknown solutions. An increase of temperature of 20 ° C increased the deflection for K by I2% and that for Naby 5%, corresponding to a fictitious increase in content of about i2% for both elements. As mentioned previously (III, b), the speed and yield of the atomization depend upon the temperature of the solution; so the quantity of the haze introduced into the flame will also depend upon this temperature. Perhaps the temperature also has an influence on the percentage of drops that evaporate in time in the flame. In each case the magnitude of the influence will be the same for both the determinations of Na and K.
References p. 5,z3. voL. 6 (x95I) FLAME-PHOTOMETRIC DETERMINATION OF Na AND K 5x9 b. Difference of level between standard and unknown solutions with regard to the exit of the aspirator tube. As mentioned previously (II, 2), a difference in level will cause a difference in aspiratory speed, owing to the different hydrostatic counter pressure in the aspirator capillary. This difficulty can be largely avoided by using low, wide containers for the unknown solutions instead of test tubes and a big container with a practically constant level for the chief standard solution. A difference of x5 mm gave less than 1% difference in emission, as could also be deduced from the measured aspiratory pressure of 265 cm water.
c. Slow variations in the emission. These are especially observed during the first period after starting determinations, and are partly caused by a drift in the gas supplies. Serious errors are avoided by regular checking with the chief standard solution, and continuous regulation of the valves becomes superfluous. The air supply is so adjusted, that at a certain convenient and fixed acetylene supply the deflection as a function of the air supply attains a maximum. 1% change of acetylene pressure causes about o. 5 % change in the deflections for K and Na.
d. Rapid and irregular fluctuations in the emission. These might be due to rapid changes in gas supply, in atomization, in combustion, or to irregular movements of the flame caused by draught. The mean magnitude of the fluctuations of the deflection amounts to 1.3% for K and 0.5% for Na. The error made in reading the deflection is still lower, because the deflections are observed over a certain period of time. The inaccuracy, expressed in terms of content, is about o.8 % for both Na and K. Fluctuations in temperature of the flame cannot be the cause, for in that case the fluctuation of the deflection for Na should be 1. 5 times that for K. For the change in intensity AI of a resonance line, caused by a change in temperature zIT, is given by: The most important condition for a stable flame and regular combustion is probably a perfect mixing of the gases in the compartments of the burner (II, T). A chimney to keep out draught was not constructed, as there were other objections against its use.
It seems that this fluctuation of emission must be due to fluctuations in the number of alkali atoms present in the part of the flame projected on the sensitive layer of the phototube; this would cause fluctuations of the same magnitude in the determination of both elements. e. Fluctuation o1 the background emission of the flame. These fluctuations consist in a more or less regular noise, upon which large incidental flashes are superimposed. They are mainly caused by impurities present in the gas, the gas supply, the burner or in the air of the room. The incidental flashes are eliminated automatically by observing the deflection over a period of time. To avoid integration of these flashes a slow galvanometer should not be used. (Incidentally, a disadvantage of photographic registration of the emission is the systematical enhancement caused by the registration of these occasional fluctuations).
The fluctuations of the background emission, measured with distilled water, amount to about o.3 mm for the K filters and o.o mm for the Na filters, corresponding to o.4 and o % respectively of the mean deflections of these elements. The influence of these fluctuations can be reduced by keeping the emission of alkah large in comparison to the background emission.
f. Irregular movements of the zero point of the galvanometer (with closed phototube). These are due to the inevitable noise of the amplifie# ,9 and cause an uncertainty of 0.25% and 0.2% in the deflections for K and Na respectively. g. The error in the reading of the light spot on the galvanometer scale. This amounts to about o.2 % for both K and Na.
h. The non-instantaneous establishment of a constant deflection. During the first period after an atomization has been started, the deflections for both K and Na decrease considerably, until a limit value is reached asymptotically.
A stationary state in the spray and possibly also between the spray and its environment is probably not immediately estabhshed. The mean value of the variation is about 5% and 2.5% respectively of the total deflections ior K and for Na. It is especially large if the interval between two atomizations is longer. This considerable error can be largely avoided by reading the deflection after a certain time has elapsed after the commencement of the atomization (20 sec in our case). Expressed in terms of content this effect has the same influence on both K and Na, which agrees with our assumption as to its cause.
i. The composition of the standard solutions. The extent of an error in this respect can be estimated by observing the deviation of the mean position of a calibration point found with one solution, with respect to the mean position found in repeated measurements with a number of solutions of the same composition, and assumed to be correct.
j. The position of the calibration points. Even if the composition of the standard solutions is entirely correct, the position of the points used to construct the standard curves will still be subject to all accidental errors discussed above. The error in the position of these calibration points can be estimated from the dispersion found in repeated determinations of such a point with the same solution.
k. The drawing of the standard curves and the conversion of deflections into contents with the aid of these curves. These operations are also subject to a certain error.
1. Calculation. The calculation of the deflection as percentage of the average deflection of the chief standard solution with a slide rule has limited accuracy. Table VI lists the mean errors expected to arise in the determination of Na and K owing to the causes discussed above.
In composing Table VI we hav~ assumed that the composition and measurement of the chief standard solution are not subject to accidental errors. This is justified by our procedure of expressing the deflection of an unknown solution as the percentage of the average deflection of the chief standard solution obtained from the preceding and following measurements of this solution; in this mean value the effect of accidental errors is sufficiently reduced.
The expected mean "error of reproducibility", i.e. the mean deviation of the values for Na and K, found if the determination is repeatedly performed in the same solution, is calculated by square summation of the errors a to h and 1. We find: 1.65% for K and 1.75 % for Na. The values found experimentally were: 1.55 % for K and 1.2 ~/o for Na. This is a satisfactory result, the more so since Table VI only claims to give the relative magnitude of the possible sources of error. The mean accidental error which may be expected to occur in a determination of K and Na in diluted serum is calculated by square summation of the error of reproducibility and the errors i, j and k. Including the supposition that the serum is. measured in a single determination and the standard solution in duplicate, this error appears to be about 2 % for both elements.
